Structure, habit and composition of clathrate crystal using tetra(4-methy!pyridine)nickel (II) thiocyanate (Ni(4-MePy)4(SCN)2) were investigated by pyrolysis gas chromatography and X-ray diffraction analysis.
Introduction
Adductive crystallization using Werner-type complex is available for the separation of aromatic hydrocarbon iosmers having close boiling points. Tetra(4-methylpyridine)nickel (II) thiocyanate (Ni(4-MePy)4(SCN)2)forms clathrates selectively with some kinds of p-substituted aromatics5).
Using the above properties of the Ni-complex, we have investigated the adductive crystallization of the Ni-complex for the separation of/>-xylene (p-X) from xylene isomers3). Methylcellosolve (MCS) was selected as solvent from amongthe few solvents available for dissolution of the Ni-complex. For the purpose of suppressing the dissociation of Ni-complex, 4- MePy was added in MCSto make a 10 vol% mixture of 4-MePy. In the 4-MePy and MCSmixture containing Ni-complex and p-X, p-X clathrate crystals were precipitated by cooling. Dependencies of crystal composition and p-X yield on initial solution composition were examined in our previous paper3}. Furthermore, to clarify the mechanism of this adductive crystallization and elucidate the relationship between crystal and solution composition quantitatively, the structure of clathrate crystal should be clarified.
In this work, structure, habit and composition not only ofp-X clathrate crystals precipitated from 4-MePy and MCSmixture solvent, but also of someclathrate crystals precipitated from other solvents were investigated.
Experimental Procedure 1 Preparation of Ni-complex
The Ni-complex (Ni(4-MePy)4(SCN)2) was synthesized by the same method as explained in our previous paper3} and was recrystallized in chloroform solution by the solvent evaporation method. This purified Ni-complex was used for the following crystallization experiments.
2 Adductive crystallization
Adductive crystallization was carried out by cooling in (4-MePy 10vol%+MCS 90vol%) solution containing 40 g//-solvent of Ni-complex and various amounts of p-X. Ni-complex was also precipitated from ethanol solution and its habit and structure were compared with those ofp-X clathrate crystal. The crystallizer used in this experiment is shownin Fig. 1 . The solution temperature was controlled by Fig. 2 (1). Whenthe complex obtained in aqueous solution was recrystallized in chloroform solution, the X-ray diffraction pattern was different from (I), as shown in 90 vol%) solution containing p-X, /3-type crystals were obtained as described in a later section. However, when the /5-type Ni-complex refined in chloroform was dissolved in ethanol and recrystallized by the same cooling method as mentioned in the section of experimental procedure, only fine particles could be obtained and its X-ray diffraction pattern was found to be a-type, as shown by (III) in Fig. 2 . Habits of these a and /3-type crystals are extremely different, as shown in Fig. 3 . The a-typo crystal is needlelike, while the /3-type shows an octahedral shape. Guest molecules and 4-MePy in these crystals were analysed using back titration and pyrolysis gas chromatography, and the results are shown in Tables  1 and 2 , respectively.
Sample numbers in Tables 1   and 2 correspond to the numbers in Fig. 2 . The molar ratios of 4-MePy to nickel are given in Table 1 .
For the case of sample (II) which was recrystallized in chloroform, the molar ratio is almost the same as the stoichiometric ratio of 4-MePy to nickel, i.e., 4.0 in Ni-complex molecule. However, the values for samples (I) and (III) are less than the stoichiometric ratio because of the presence of the following impurities.
Impurities of sample (I) may be residual nickel salts (i.e., Ni(SCN)2 or NiCl2) used for the * This temperature, at which the Ni-complex decomposes completely, was decided by differential thermal analysis (DTA) and thermal gravity analysis (TGA). Ni(SCN)2 that were produced by partial dissociation of Ni(4-MePy)4(SCN)2 in ethanol, as described in the previous paper3 }. The molar ratios of the clathrated molecules (G) to Ni-complex molecule (H) measured by pyrolysis gas chromatography are given in Table 2 . Sample (I) synthesized in aqueous solution showsthe absence of any guest molecule. However, chloroform was observed to be clathrated in Ni-complex at a molar ratio to Ni-complex (G/H) of 0.54 in sample (II).
On the other hand a-type crystals (sample (III)) precipitated from ethanol solution also showed the presence of ethanol clathrated at 0.30 (G/H).
2.2 Composition and structure of p-X clathrate crystals As described in our previous paper3}, the concentration ofp-X in clathrate crystals increased with p-X in clathrate crystals increased with p-X concentration in (4-MePy 10vol%+MSC 90vol%) solution. The concentration of p-X in crystals finally became constant under the condition that p-X was excessively present in the solution. The crystal obtained under such a condition is considered to be complete p-X clathrate.
X-ray diffraction pattern of the crystal precipitated from the solution containing 10 times moles of p-X to Ni-complex and that of the crystal precipitated from solution containing no p-X are given in Fig. 4 (IV) and (V), respectively.
Both patterns in Fig. 4 . This means that both crystals obtained from chloroform and (4-MePy 10vol%+MSC 90vol%) solution have the same structure, but when p-X clathrate is formed, a small change of crystal structure occurs. Compositions of these crystals are given in Tables  3 and 4 . In Table 3 the molar ratios of4-MePy to nickel are larger than the stoichiometric value. Since the excess amount of 4-MePy is considered to be clathrated in crystals, quantities of 4-MePy as guest molecule tabulated in Table 4 were calculated using values in Table 3 . 4-MePy and MCSwere observed to be contained as well asp-X for sample (IV). However, since the amounts of the two kinds of solvent molecules clathrated are negligibily small compared with p-X, the crystal can be regarded as pure p-X clathrate. The molar ratio ofp-X to Ni-complex in the purep-X clathrate is considered to be 1.0 as shown in Table 4 *. On the other hand, for sample (V) both MCSand 4-MePy were found to be clathrated at a * This value is larger than that in the previous paper3)
because the analytical method used in previous work was insufficient for the extraction ofp-X. were observed to agree with our results better than that ofBelitsukus. As shown in Table 5 , our observed interplanar distances dohs coincide well with the calculated values obtained by Lipkowski et al. Accordingly, the following lattice parameters estimated by them may be applicable to our p-X clathrate crystal, i.e. a=16.99A, c=23.24A and unit cell volume of 6708.5A8.
On the other hand, interplanar distances dobs for the X-ray diffrection pattern of Fig. 4 (V) are shown in Table 6 . The reflection indices, hkl, in Table 6 were decided by assuming the same space group (I4ly/<2 with z=8) as p-X clathrate.
Lattice parameters for sample (V) calculated using the reflection indices are a=l6.72A, c=22.56A and unit cell volume of 6308.8A3. Interplanar distance dcal calculated using the above lattice parameters and reflection indices are fairly close to our observed values dohs and this result certifies the assumptions as correct. Comparing Table 5 with 6, it appears that lattice parameters of Ni-complex increase about 1.6% for a-axis and 3.0% for c-axis owing to the formation ofp-X clathrate. Accordingly, unit cell volume increases by6%.
It is also clear from Table 4 that p-X is selectively clathrated in spite of the presence of excess solvent molecules. Furthermore, the considerations mentioned above suggest that the interaction between host lattice of Ni-complex and guest molecule of p-X is stronger than the interaction between solvent and Nicomplex. The change in unit cell volume maybe due to the fact that the p-X molecule is larger in volume than solvent molecules. The summation of the molar ratio for each guest molecule to Ni-complex in crystals is shown by dotted line in Fig. 5 . Whenthe molar ratio ofp-X to Nicomplex in crystals is more than 0.3 (corresponding to a molar ratio of 0.55 in initial solution), the summation value becomes constant at about 1.0. In other words, it seems that the decrease in molar ratio of p-X is completely compensated by 4-MePy and MCSif the molar ratio ofp-X to Ni-complex is larger than 0.3, and on the contrary no such compensation effect is observed at values smaller than 0.3. These facts suggest that there is a kind of "anchor effect", i.e., 4-MePy and MCSare dragged into the clathrate crystals with p-X.
Conclusion
Structure, habit and compostiion of the Ni-complex crystallized in various solutions were investigated and the following results were obtained. 1) Chloroform was observed to be clathrated in /3-type Ni-complex crystal (octahedral) when the Nicomplex was recrystallized from chloroform. However, a-type Ni-complex crystal (needlelike) including ethanol was precipitated from ethanol. 2) Ifp-X was excessively present in (4-MePy 10 vol%+MCS 90vol%) solution, almost pure p-X clathrate was obtained. However, from the same solution containing no p-X of both solvents, 4-MePy and MCS,were found to be clathrated. From the detailed analysis of X-ray diffraction patterns of these /3-type clathrate crystals, it was clarified that unit cell volume of pure p-X clathrate is larger by about 6 %than that of solvent clathrate.
3) When the Ni-complex was crystallized in (4- MePy 10vol%+MCS90vol%) containing p-X not excessively, 4-MePy, MCSand p-X were simultaneously clathrated. If the molar ratio of p-X to Nicomplex in crystal is more than about 0.3, the summation of molar ratios of each guest molecule to Ni- Literature Cited
